To our knowledge, this multicenter analysis is the first to test and validate (1) the prognostic impact of comorbidities on 1-year mortality after initial therapy of acute myeloid leukemia (AML) and (2) a novel, risk-stratifying composite model incorporating comorbidities, age, and cytogenetic and molecular risks.
A cute myeloid leukemia (AML) is the most common form of acute leukemia, 1 and the number of new cases are rising annually. 2 The 5-year survival rate is only 26.6%. 2 Survival rates are even lower among patients ages 65 to 74 years (5.3%) and 75 years or older (1.6%), who together constitute more than 50% of new AML cases and who tend to have a greater burden of comorbidities 3 and more profound limitations in physical health and robustness 4,5 than younger patients. Mortality in AML, in part, reflects its inherent resistance to therapy and, in part, the deleterious, and at times, lethal effects of treatment. Quantifying both of these risks is critical to the fundamental decision of whether patients should receive any specific therapy and, if so, whether it should be less or more "intense." Therapy guidelines, such as those of the National Comprehensive Cancer Network (NCCN), have tended to focus largely on an arbitrary age cutoff of 60 or 65 years as the arbiter of the appropriateness of therapeutic intensity. 6 While performance status might be used to refine decision making, 7 it does not differentiate between functional impairment due to AML, which is potentially responsive to anti-AML treatment, and that due to comorbidities, which may pose possible contraindications to intensive treatment. 8 We have shown that accounting for comorbidities can provide valuable information on the risks associated with allogeneic hematopoietic cell transplantation (HCT).
9-11 However, the prognostic importance of comorbidities existing at the time of AML diagnosis has not been systematically examined regarding their impact for choosing initial treatment for AML. Indeed, patients with comorbidities are often simply excluded from clinical trials precluding a careful evaluation of their relevance. Herein, we sought to determine whether (1) comorbidities have an impact on 1-year mortality in patients newly diagnosed as having AML, (2) a new AML-specific comorbidity index (CI) can be designed and validated to outperform the HCT-CI in patients presenting for initial therapy, and (3) a model incorporating comorbidities together with age and cytogenetic and/or molecular risks could be designed and validated to improve prognostic evaluation for such patients with AML.
Methods
We followed the Enhancing the QUAlity and Transparency of Health Research (EQUATOR) reporting guidelines using the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis Or Diagnosis (TRIPOD) criteria.
12,13

Source of Data
This is a retrospective hospital-based cohort study of data collected by review of electronic medical records and computer databases for 1100 patients. All patients were consecutively and concurrently treated at each of the AML specialty centers between January 1, 2008 , and December 31, 2012. Data were randomly divided into a training set (n = 733) and a validation set (n = 367) for development and validation of the model, respectively. This protocol was approved by the institutional review boards of the Fred Hutchinson Cancer Research Center (FHCRC) and the collaborating sites. All data regarding treatment and demographic information were utilized according to the Declaration of Helsinki. Information was originally recorded and collected for medical purposes; therefore, consent was waived by the institutional review boards of the collaborating institutions.
Participants
Five academic sites with designated inpatient and outpatient facilities for treatment of AML contributed to this study under the coordination of the FHCRC. The other 4 collaborating sites were Cleveland Clinic, Cleveland, Ohio; Massachusetts General Hospital, Boston; Stanford University, Stanford, California; and the University of Utah, Salt Lake City. Inclusion criteria were (1) age 20 years or older, (2) newly diagnosed non-M3 AML, and (3) initial treatment given during the study period defined herein. Patients receiving palliative care only were excluded from the data set. The different regimens used to treat these patients were classified as low, intermediate, or high intensity as indicated in eTable 1 in the Supplement.
Outcome
Death within 1 year from initial therapy was the outcome of interest because it includes both early deaths due to regimenrelated toxic effects or to lack of response and/or relapse of AML, 14-16 as well as later deaths following treatment of relapse or refractory disease. Death within 8 weeks was analyzed as a secondary end point. Survival data were not known to those investigators who collected information on the potential predictors. Predictors, sample size, and missing data are described in detail in the eMethods in the Supplement.
Statistical Analysis
The distribution of death according to time is described in eTable 2 of the Supplement. All 27 comorbidities and 8 covariates were tested in univariate analysis for their impact on 1-year mortality. Factors associated with 1-year mortality at P <.10 were used to construct a multivariate Cox proportional hazards model in which the impact of each comorbidity or covariate was adjusted for that of all others. To develop both a new AML-specific comorbidity index and a composite multirisk factor model, we used adjusted hazard ratio (HR) estimates for 1-year mortality from the multivariate model. The adjusted HRs were converted into integer weights according to our previously established criteria 10 : adjusted HRs of 1.2 or less were dropped from consideration, adjusted HRs of 1.3 to 1.9 were converted into a weight of 1.0, and adjusted HRs of 2.0 to 2.9 were converted into a weight of 2.0. None of the components had HRs greater than 2.9. The AML comorbidity index (AML-CI) was the sum of comorbidity integer weights. The augmented HCT-CI was the sum of HCT-CI comorbidities with the addition of weights for biomarker laboratory values (ie, albumin level, platelet counts, and lactate dehydrogenase [LDH]) level. The AML composite model (AML-CM) was the sum of integer weights of the augmented HCT-CI, with the addition of age groups and cytogenetic/molecular risk groups.
Model Validation
Each risk model was validated in an independent set of 367 patients (eTable 3 of the Supplement compares the training and validation groups). We assessed the performances of the new AML-CI, the HCT-CI, the augmented HCT-CI, age groups, cytogenetic/molecular risk groups, and the AML-CM by computing the C statistic 17 for a continuous predictor associated with time to death over 1 year. This can be interpreted as the probability that over many random pairs the patient with the shorter survival would have the worse score for the various potential predictors listed in the previous subsection. For binary outcomes (event times within 1 year and within 2 months), we computed the area under receiver operating characteristic curves (AUC). A value of 1.0 indicates perfect predictive discrimination, whereas a value of 0.5 indicates no ability to discriminate. A small number of patients censored prior to 2 months or 1 year were excluded from this calculation. Standard deviations of the C statistics and AUCs were estimated from 50 bootstrap samples. Statistical significance was determined by paired t test from the 50 bootstrap samples. KaplanMeier curves for survival were computed for risk groups defined by the different indices.
Risk Groups
We defined risk groups for the 4 indices to represent approximate quartiles. Age and cytogenetic risk groups were grouped according to the weight assigned in the composite model.
Results
Participant Characteristics
The median age of patients was 60 years (range, 20-89 years). Overall, 605 patients (55%) were male, and 495 (45%) were female. eTable 4 in the Supplement shows demographic and disease characteristics for all patients as well as per site. The most obvious difference among sites was in the proportion of patients given high-, intermediate-, or low-intensity initial therapies (eTable 4 in the Supplement). The numbers of participants with missing data per each covariate are listed in eTables 5and6intheSupplement. In a separate analysis, there was no evidence that missing vs nonmissing status was associated with outcome for any of the covariates (data are not shown). All 1100 participants had complete outcome data. As expected in a random assignment model, the training and validation sets appropriately had similar characteristics as well as 1-year mortality rate (eTable 3 in the Supplement). 19 and initial regimen intensity entered multivariate models. Sex did not meet criteria for score assignment, and regimen intensity was omitted from score assignment given its relation to patient baseline characteristics. For the purpose of developing a composite risk model, adjusted HRs for older age and cytogenetic/molecular risk groups were then converted into scores in which age of 50 to 59 years was assigned a score of 1.0 (HR, 1.8 vs age <50 years) and age of 60 years or older a score of 2.0 (HR, 2.0-2.5), intermediate cytogenetic/molecular risk group a score of 1 (HR, 1.8 vs favorable risk) and adverse cytogenetic/molecular risk group a score of 2 (HR, 2.8) ( Table 1) .
Model Development and Specification
Model Validation and Performance
In the validation set, the augmented HCT-CI had higher discriminative capacity for prediction of mortality compared with AML-CI as evaluated by C statistic (P = .004) and AUC (P = .01) ( Table 2 ;eTable9oftheSupplement). Age and cytogenetic/ molecular risk groups were also valid in predicting 1-year and 8-week mortality ( Table 2 ; eTable 9 of the Supplement); when both were added to the AML-CI they together yielded an AUC of 0.73 for 1-year mortality.
When age and cytogenetic/molecular risk groups were added to the augmented HCT-CI to form the AML-CM, this new composite model had a C statistic of 0.72 and AUC of 0.76 for 1-year mortality, and an AUC of 0.78 for 8-week mortality; all exceeded those of individual risk factors or models including performance status ( Table 2; 
Discussion
Patients with AML have a relatively high early mortality rate of 37.5% at 8 weeks 16 as well as a high overall mortality rate of 76% at 3 years. 20 These rates are even higher among patients 65 years or older. 20 Treatment of AML is also extremely costly and disruptive to patients and families given the lengthy and frequent hospitalizations. 21 Furthermore, available therapies for patients with AML vary widely in their complexity and intensity. Therefore, the ability of physicians to make accurate predictions about the likely outcome of initial AML therapy is important in arriving at decisions to give conventional therapy of varying intensity, investigational treatment, or supportive care only. Until now, decisions about the choice of therapy have largely been based on age (eg, ≥65 years or <65 years), even though commonplace observation suggests some older patients can sometimes be healthier than some younger ones. Performance status often influences decisions and is frequently used to define the vague notion of "unfit for intensive therapy." However, formal evaluation of comorbidities has played a small role in decisions about initial therapy. Indeed, comorbidities are a principal determinant of morbidity and mortality after treatment of older patients with other hematological malignant neoplasms 22 and are independent of functional status. 23 We have previously demonstrated that an HCT-CI is an important predictor of outcome after HCT and, in particular, is more important than age in this regard. However, the value of the HCT-CI in a general AML population receiving initial therapy is unknown. In the current study, we have shown and validated that comorbidities have a significant impact on early and 1-year mortality among patients newly diagnosed with AML undergoing upfront therapies. In addition, we have demonstrated that an augmented HCT-CI performs better than either an AML-CI or the original HCT-CI in predicting early and late mortality. The HCT-CI has been in practice since 2005, making it quite familiar to and easily applicable by physicians. Most notably, when we incorporated comorbidities together with age and cytogenetic/molecular risks per the ELN classification into a composite model (AML-CM), this risk model performed better than each of the risk components alone (Table 2, Figure; eFigure in the Supplement). Just as a comorbidity assessment-using the HCT-CI before allogeneic HCT has had a major impact on the decision to proceed to HCT-we believe use of the AML-CM could inform decisions as to whether patients with newly diagnosed AML should receive more intensive or less intensive therapies for their disease.
On the one hand, the inability to develop a comorbidity index specific to AML that outperforms the original HCT-CI matches our experience in another setting, the prediction of graft-vs-host disease after allogeneic HCT. 24 On the other hand, the augmentation of the performance of the HCT-CI by adding albumin values, as a marker of nutritional or inflammatory status, and platelet counts, as a marker of bone marrow health, agrees with our previous findings in the setting of allogeneic HCT. 25 Currently, we are prospectively investigating the value of adding data on pulmonary function tests to comorbidity assessment before initial therapy for AML. The strong impact of cytogenetic/molecular risks on mortality is not a surprise. 19, 26 Why increasing age continues to have a significantly independent impact on mortality after accounting for comorbidities is unclear. One explanation could be the acquisition of additional adverse molecular AML markers with aging. 26 Alternatively, aging could be a surrogate for other forms of health limitations, for example, functional, cognitive, or social. 4,5 Our current efforts are directed toward quantification and understanding of such aging-related risks (NCT01929408). Finally, we did not incorporate regimen intensity, albeit predictive of mortality, in our model since this is the decision that we plan to improve based on the AML-CM scores.
Limitations
Limitations of the current study include the retrospective nature of data collection, potentially leading to failure to capture important data that might not have been recorded. However, the frequent use of laboratory data, most of which are consistently available in databases, to define comorbidities likely reduced the possibility of missing comorbidities. Most notably, the collected data for components of the HCT-CI were almost complete. Moreover, missing data on a few other comorbidities or covariates did not exceed 10%, and we have no reason to believe that missing data from retrospective medical record review were systematically related to outcome or other predictive factors. We confirmed that missing vs nonmissing data were not associated with outcome in this study. Regarding reproducibility of comorbidity assessments, while we did not perform analyses on interrater (IRR) and test-retest reliabilities for the augmented HCT-CI, we used recently described methods for comorbidity evaluation that indicated an IRR greater than 0.90 by weighted κ statistics. 18 The use of data from multiple centers, as well as the inclusion of all patients receiving any form of AML-therapy, increases the generalizability of our findings. Previously, in the allogeneic HCT setting, the original HCT-CI was proven valid in published prospective studies, 27,28 and an ongoing observational study (NCT01929408) seeks to prospectively validate the AML-CM in patients with newly diagnosed AML. The AML-CM was designed to primarily predict survival at 1 year. The 1-year end point is intuitively appealing, and incorporates both treatmentrelated mortality and inherent resistance to antileukemic therapy. In contrast, an earlier end point may have lent undue significance to the former and a significantly later end point undue significance to the latter consideration. Nevertheless, the AML-CM strongly predicted earlier mortality at 8 weeks after initial therapy. Finally, although many patients receiving therapies of differing intensities were included, the intensity of therapy was not randomly assigned. We arbitrarily categorized those regimens based on feedback from all study collaborators into 3 levels of intensity. However, we did not incorporate regimen intensity, albeit predictive of mortality, in our model since what constitutes high-, intermediate-, and low-intensity therapy is arguable, and we are in the process of developing objective means to assess regimen intensity and to formally assess the benefits of regimens, thus defined, according to AML-CM scores.
Model Applications and Benefits
The previous limitations notwithstanding, our results have significant clinical and scientific applications. Currently, decisions about initial therapy for newly diagnosed AML are based largely on age and an often subjective assessment of a patient's fitness. The use of the AML-CM by community internists will allow objective identification of those older patients with AML, who have traditionally been offered palliative care but who might be better served by referral to receive either conventional or investigational AML therapy. Consequently, some patients with AML who currently may not be referred for specific treatment will be referred in the future, leading to improved survival of patients nationwide.
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The AML-CM Conversely, the AML-CM could identify patients so unlikely to benefit from AML therapy that they could be spared the various risks and toxic effects of such therapies. In the future, the AML-CM might also be used to identify which patients would benefit more from intensive chemotherapy and which will be better served by targeted, less-intensive therapies, and we are organizing a national effort to examine this question. Whether the AML-CM calculated at diagnosis of AML can be later used to decide on allogeneic HCT vs non-HCT therapies is currently being studied in an ongoing observational study (NCT01929408). The AML-CM may also allow for more objective comparisons of outcomes with different therapies or with the same treatment at different centers. Finally, the identification of patients with high comorbidity burden at diagnosis will provide impetus for interventions to reduce the effects of these comorbidities before or simultaneously with the administration of initial AML therapy.
Conclusions
We have developed a novel AML composite model that allows us to balance the effect of age with the effects of the patients' overall health, as assessed by comorbidities, and the aggressiveness of their AML, as assessed by cytogenetic/ molecular features. The AML-CM outperforms age and KPS in predicting early and late mortality and hence could replace these conventional covariates when making treatment decisions or comparing trial results. This model could prove useful to the US Food and Drug Administration when monitoring clinical trials to ensure adequate representation of high-risk patients in these trials and, hence, generalizability of trial results to the whole AML population. To facilitate the future use of this model, we are constructing a web-based calculator (http: //www.AMLCompositeModel.org). Other Covariates are described in Supplemental eTable 6.
Sample Size
Sample size was determined based on the total number of patients seen at each of the five institutions during the study, conducted from 2008-2012. Supplemental eTable 10 gives the minimal increment in the 1-year risk of mortality detectable with at least 80% power at the 2-sided 0.05 level of significance in the training set of 733 patients. Since there is almost no loss to follow-up for the primary endpoint, the power calculations are based on a binomial assumption; the actual analysis based on Cox regression should provide somewhat higher power. Supplemental eTable 10 demonstrates sufficient power to identify a minimal increase in risk for a risk factor of specified prevalence compared to the remainder of the cohort. As noted in Supplemental eTable 2 there was an all-cause mortality rate of 40% (428/1100) in the first year.
Missing Data
Data collected from all 1100 pateints were used in the study analyses. HCT-CI were almost complete, and the HCT-CI could be computed for all patients except for a few (n=41), who were missing body mass index that defines obesity. Univariate analyses of risk factors excluded patients with missing data for the risk factor. In the multivariate analysis performed within the training set, missing value indicator variables were included for albumin, platelets, LDH, and cytogenetic risk group. In the validation set, we used complete data analysis in computing the various indices for comparisons of discriminative capacity.
SUPPLEMENTAL RESULTS (eResults)
Use of the AML-CM in Describing Outcomes of Patients of ≥65 years of age
We have looked at data on patients 60-75 years old within the validation set. Those patients constituted about 50% of the validation set population. The AUC for 1-year mortality was 0.68.
The reduced AUC compared to the general population of AML is expected since this group is homogenous with respect to an important component of the AML-CM, alas age.
Per the AML-CM four risk groups, 1-year survival among patients 60-75 years old were; for those with scores 1-4, 86%; scores 5-6, 50%; scores 7-9, 46%; scores ≥10, 23%.
These results suggest that for older patients, AML-CM categorization into 3 risk groups with AML-CM scores of 1-4, 5-9, and ≥10 is more appropriate for decision-making given similar outcomes between those with scores 5-6 and 7-9.
Patients with scores 1-4 could benefit from intensive standard treatment combinations. Patients with scores ≥10 would benefit from being enrolled in novel clinical trials using novel targeted therapies to improve their outcomes. The concurrent use of palliative care might be warranted in this patient population. Patients with scores of 5-9 could be good candidates for randomized controlled trial comparing intensive versus less-intensive induction therapies for AML. 
